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Historical Changes in Annual Peak Flows in Maine and Implications for Flood-Frequency Analyses
By Glenn A. Hodgkins
Abstract
Flood-frequency analyses use statistical methods to compute peak streamflows for selected recurrence intervalsthe average number of years between peak flows that are equal to or greater than a specified peak flow. Analyses are based on annual peak flows at a stream. It has long been assumed that the annual peak streamflows used in these computations were stationary (non-changing) over very long periods of time, except in river basins subject to direct effects of human activities, such as urbanization and regulation. Because of the potential effects of global warming on peak flows, the assumption of peak-flow stationarity has recently been questioned. Maine has many streamgages with 50 to 105 years of recorded annual peak streamflows. In this study, this long-term record has been tested for historical floodfrequency stationarity, to provide some insight into future flood frequency.
Changes over time in annual instantaneous peak streamflows at 28 U.S. Geological Survey streamgages with long-term data (50 or more years) and relatively complete records were investigated by examining linear trends for each streamgage's period of record. None of the 28 streamgages had more than 5 years of missing data. Eight streamgages have substantial streamflow regulation. Because previous studies have suggested that changes over time may have occurred as a step change around 1970, step changes between each streamgage's older record (start year to 1970) and newer record (1971 to 2006) also were computed. The median change over time for all 28 streamgages is an increase of 15.9 percent based on a linear change and an increase of 12.4 percent based on a step change. The median change for the 20 unregulated streamgages is slightly higher than for all 28 streamgages; it is 18.4 percent based on a linear change and 15.0 percent based on a step change.
Peak flows with 100-and 5-year recurrence intervals were computed for the 28 streamgages using the full annual peak-flow record and multiple sub-periods of that record using the guidelines (Bulletin 17B) of the Interagency Advisory Committee on Water Data. Magnitudes of 100-and 5-year peak flows computed from sub-periods then were compared to those computed from the full period. Sub-periods of 30 years with starting years staggered by 10 years were evaluated (1907-36, 1917-46, 1927-56, 1937-66, 1947-76, 1957-86, 1967-96, and 1977-2006) . Two other sub-periods were evaluated using older data (start-of-record to 1970) and newer data (1971 to 2006) . The 5-year peak flow is used to represent small and relatively frequent flood flows in Maine, whereas the 100-year peak flow is used to represent large flood flows.
The 1967-96 sub-period generated the highest 100-and 5-year peak flows overall when compared to peak flows based on the full period of record; the median difference for all 28 streamgages is 8 percent for 100-and 5-year peak flows. The 1977 The -2006 The and 1971 The -2006 sub-periods also generated 100-and 5-year peak flows higher than peak flows based on the full period of record, but not as high as the peak flows based on the 1967-96 sub-period. The 1937-66 sub-period generated the lowest 100-and 5-year peak flows overall. The median difference from full-period peak flows is -11 percent for 100-year peak flows and -8 percent for 5-year peak flows. Overall, differences between peak flows based on the sub-periods and those based on the full periods, generated using the 20 unregulated streamgages, are similar to differences using all 28 streamgages.
Increases in the 5-and 100-year peak flows based on recent years of record are, in general, modest when compared to peak flows based on complete periods of record. The highest peak flows are based on the 1967-96 sub-period rather than the most recent sub-period . Peak flows for selected recurrence intervals are sensitive to very high peak flows that may occur once in a century or even less frequently. It is difficult, therefore, to determine which approach will produce the most reliable future estimates of peak flows for selected recurrence intervals, using only recent years of record or the traditional method using the entire historical period. One possible conservative approach to computing peak flows of selected recurrence intervals would be to compute peak flows using recent annual peak flows and the entire period of record, then choose the higher computed value. Whether recent or entire periods of record are used to compute peak flows of selected recurrence intervals, the results of this study highlight the importance of using recent data in the computation of the peak flows. The use of older records alone could result in underestimation of peak flows, particularly peak flows with short recurrence intervals, such as the 5-year peak flows.
Introduction
Flood-frequency analyses use statistical methods to compute peak streamflows for selected recurrence intervalsthe average number of years between peak flows that are equal to or greater than a specified peak flow. For example, the 100-year peak flow is the flow that would be equaled or exceeded, on long-term average, once in 100 years. This does not imply, however, that flooding will happen at regular intervals. Two 100-year peak flows could occur within a few years of each other. In contrast, a 100-year peak flow might not occur in 200 years. The reciprocal of the recurrence interval is called the annual exceedance probability; that is, the probability that a given peak flow will be equaled or exceeded in any given year. For example, the annual exceedance probability of the 100-year peak flow would be 0.01. In other words, there is a 1 percent chance that the 100-year peak flow will be equaled or exceeded in any given year.
Determination of the magnitude of peak streamflows with specified recurrence intervals is necessary to safely and economically design bridges, culverts, and other structures that are in, or near, streams. These peak flows are also needed by Federal, State, regional, and local officials for effective floodplain management.
It has been known for decades that peak flows of selected recurrence intervals computed from shorter periods of annual peak-flow record can differ substantially from those computed from longer periods of record (Benson, 1960) . It has long been assumed, however, that annual peak streamflows are stationary over very long periods of time, except in river basins subject to urbanization, regulation, and other human activities. Stationarity is the concept that natural systems fluctuate within an envelope of variability that does not change over time (Milly and others, 2008) . Because of the potential effects of global warming on peak flows, the assumption of peak-flow stationarity has recently been questioned (Milly and others, 2008) . In New England, Hayhoe and others (2007) used climate projections as input to the variable infiltration capacity (VIC) hydrologic model. On the basis of this modeling, spring streamflow timing is expected to become earlier during the next 90 years, and high streamflows (50th to 95th percentile annual flows) are expected to increase.
If peak flows increase in the next century due to global warming, peak flows of selected recurrence intervals may also increase. Because bridges and culverts in Maine were designed with the assumption of peak-flow stationarity, bridges could be under-designed for future large floods. Maine has many streamgages with 50 to 105 years of recorded annual peak streamflows. In this study, this long-term record has been tested for historical flood-frequency stationarity to provide some insight into future flood frequency. Collins (2009) computed peak flows for a range of recurrence intervals for seven streamgages in New England that showed the strongest evidence of upward peak-flow trends and step (abrupt) increases around 1970 (out of 28 streamgages tested for trends). The peak flows for selected recurrence intervals were based on the entire periods of recorded peak flows at the streamgages, pre-1970 peak flows, and post-1970 peak flows. A majority of streamgages had higher magnitudes of peak flows for all recurrence intervals for computations based on post-1970 annual peak flows as compared to those based on pre-1970 peak flows. All seven streamgages had higher magnitudes of peak flows for 1-to 10-year recurrence intervals for computations based on post-1970 peak flows as compared to those based on pre-1970 peak flows. This report, prepared by the U.S. Geological Survey (USGS) in cooperation with the Maine Department of Transportation (MaineDOT), will help MaineDOT and others better understand the effects of changing historical peak flows on flood-frequency computations for streams in Maine. To accomplish this, changes over time in annual peakflow magnitudes were evaluated for 28 streamgages in and near Maine with long-term records. Then, 5-and 100-year recurrence interval peak flows were computed for these streamgages using the full available annual peak-flow record and multiple sub-periods of that record. The 5-year peak flow is used to represent small and relatively frequent flood flows in Maine, whereas the 100-year peak flow is used to represent large flood flows. Magnitudes of 5-and 100-year peak flows computed from sub-periods are then compared to peak flows based on the full period and are also compared to 90-percent confidence intervals of the peak flows based on the full period.
Climate and Hydrology of Maine
The climate of Maine is complex and variable across both space and time. Latitude, proximity to the Atlantic Coast, and variations in land-surface elevation have major effects on the climate (New England Regional Assessment Group, 2001) . Maine is about halfway between the equator and the North Pole and is affected by warm, moist air from the south and cold, dry air from the north. The Atlantic Ocean moderates air temperatures in winter and summer, but the effects decrease with distance from the coast. In winter, the ocean variably affects the location of snow/rain boundaries. Despite the effects of the ocean, the prevailing air flow is not from the Atlantic Ocean, but from the drier North American continent. The mountainous topography of western and northwestern Maine affects precipitation and air temperatures. Precipitation is higher on the windward side of mountains and lower on the leeward side; however, storm-track directions through the mountains are highly variable so the windward and leeward areas differ for different storms. Air temperature decreases with higher elevation.
Maine generally has a temperate climate with mild summers and cold winters. From 1971 to 2000, the mean annual temperature statewide was about 42°F, but it ranged from 36°F in northern Maine to 47°F in southern Maine (National Oceanic and Atmospheric Administration, 2002) . During the same period, statewide mean monthly temperatures ranged from 15°F in January to 67°F in July. Precipitation in Maine is fairly evenly distributed throughout the year. The statewide mean annual precipitation for 1971 to 2000 was 43 in., ranging from 35 in. in northern Maine to 57 in. in eastern coastal Maine.
The snowpack in Maine typically accumulates throughout the winter and reaches its maximum depth and water equivalent (the depth of water that would result if the snowpack melted) in March or April. The median seasonal maximum depth of the snowpack for 1955 to 1992 varied from about 20 in. along the coast to more than 32 in. in the western mountains and in northern Maine (Cember and Wilks, 1993) . The average water equivalent on or near March 1 ranged from 3 to 5 in. along the coast to 7 to 9 in. at the western mountains and in northern Maine (Loiselle and Hodgkins, 2002) . The 109 snowpack data collection sites evaluated by Loiselle and Hodgkins (2002) had an average of 43 years of record through 2000. Almost all of the data-collection sites were lower than 2,000 ft in elevation and, therefore, do not represent the full range of average water equivalent in Maine, as many mountains have substantial areas higher than 2,000 ft.
Streamflows in Maine typically are highest in the spring, when rain falls on a ripe (dense, ready to melt) snowpack or on saturated soils. Streamflows recede as snowmelt ends and as evapotranspiration increases. This recession is frequently interrupted by runoff from rainstorms. Warm-season streamflows are usually lowest in August and September. In the fall, after evapotranspiration decreases substantially, repeated rains often saturate the soil, leading to high streamflows. Also in the fall, large amounts of rain can fall as a result of hurricanes, tropical storms, or their remnants. Winter streamflows are generally low in northern areas of Maine where winter precipitation typically falls as snow. Winter streamflows in southern areas of Maine can be more variable than streamflows in the northern areas because of more winter rain.
Historical Streamflow Changes in Maine
A series of recent investigations by the U.S. Geological Survey has documented changes in several components of the water cycle, including streamflows, in Maine during the last 30 to 40 years. These changes are summarized in Hodgkins and others (2009) . Winter-spring streamflows became earlier in northern and mountainous sections of Maine during the 20th century, with most of the 1-to 2-week change occurring in the last 30 years (Dudley and Hodgkins, 2002; Hodgkins and others, 2003; Hodgkins and Dudley, 2006) . Winter-spring streamflow timing is based on the center-of-volume datethe date each year that half of the winter-spring streamflow volume passes a streamgage. Annual peak flows have increased significantly (p < 0.1) during the last 50 to 100 years at about one-third of streamgages in Maine (Hodgkins and Dudley, 2005; Collins, 2009) ; no streamgages had significantly decreasing peak flows. Historical peak-flow changes may have occurred in a step change around 1970 (Collins, 2009) , as has been observed at streamgages in Maine for changes in winterspring streamflow timing (Hodgkins and Dudley, 2006) .
Weak, yet in some cases statistically significant, correlations have been found between various historical streamflows in New England and measures of the North Atlantic Oscillation (NAO) (Collins, 2009) . The NAO refers to a redistribution of atmospheric mass between the Arctic and the subtropical Atlantic. It swings from one phase to another to produce large changes in wind speed and direction over the Atlantic, heat and moisture transport between the Atlantic and neighboring continents, and the intensity and number of storms (Hurrell and others, 2003) . The NAO tended to stay in a strong negative phase in the 1960s and stay in a strong positive phase in the 1990s.
Data and Methods for Trend Tests and Flood-Frequency Analyses
The USGS has been collecting and publishing streamflow data for streamgages in and near Maine since 1901. The data are available online at http://waterdata.usgs.gov/me/nwis/ sw. Streamgage data were examined to locate streamgages, both regulated and unregulated, with at least 50 years of annual peak-flow data up to the present (2006) and with no more than 5 years of missing data from 1957 through 2006. Regulated streamgages were included to increase the number of streamgages in the study, particularly streamgages with 90 or more years of record. Twenty-eight streamgages met the above criteria (table 1); annual instantaneous peak flows at these streamgages were used for all analyses in this report. Peak flows for 5-and 100-year recurrence intervals at the streamgages computed from full periods of record are listed in table 1, thus showing the magnitudes of small and large floods on various streams and rivers in and near Maine during the last century.
Eight of 28 streamgages that met minimum data requirements are considered to be substantially regulated (table 1) in terms of the effect of reservoir regulation on peak streamflows. Benson (1962) determined that usable reservoir storage of less than 4.5 million cubic feet per square mile would, in general, affect peak flows by less than 10 percent. The eight substantially regulated streamgages in this study have reservoir storage that exceeds this amount.
Most of the remaining 20 unregulated streamgages are part of the USGS Hydro-Climatic Data Network (HCDN), which includes data from 1,659 streamgages across the United States (Slack and Landwehr, 1992) . This network includes streamgages with data from basins lacking overt effects of human activities, such as regulation, diversion, land-use change, or extreme groundwater withdrawals. The HCDN was developed for the purpose of studying the variation in streamflow over time that results from climatic variation. Three of 20 streamgages (streamgages 7, 17, and 28 in table 1) A "R" beside a number indicates regulated streamgage (streamgage has drainage basin with more than 4.5 million cubic feet of usable storage per mile (Benson, 1962) ). without substantial peak-flow regulation, as defined by Benson (1962) , are not included in the HCDN network because they have regulation that is expected to substantially affect monthly mean flows.
The magnitudes of annual peak-flow changes over time were computed using the Sen slope (also known as the Kendall-Theil robust line). This slope is computed as the median of all possible pairwise slopes in each temporal data set (Helsel and Hirsch, 1992) . The slope was multiplied by the appropriate number of years of data to obtain changes over time for the period of record. Peak-flow step changes between old data (start-of-record to 1970) and new data at streamgages were computed using the Hodges-Lehmann estimator, the median of all pairwise changes between two groups of data (Helsel and Hirsch, 1992) . These methods are more robust to outliers than linear regression or the computation of the mean difference between two groups.
The significance of peak-flow changes over time is not reported for this study. The magnitude and direction of hydroclimatological trends over time can be determined with little ambiguity; however, the concept of statistical significance is meaningless when discussing systems with poorly understood serial structure (Cohn and Lins, 2005; Koutsoyiannis and Montanari, 2007) . Trend tests that fail to consider long-term persistence in the data (such as the MannKendall test) greatly overstate the statistical significance of observed trends when long-term persistence is present (Cohn and Lins, 2005; Khaliq and others, 2009 ).
The 5-and 100-year peak flows for full periods of record and sub-periods at streamgages were computed using the guidelines (Bulletin 17B) of the Interagency Advisory Committee on Water Data (1982) . The computations involved fitting the Pearson Type III probability distribution to the logarithms (base 10) of the observed annual peak flows at a streamgage. This required computation of the mean, the standard deviation, and the skew of the logarithms of the annual peak-flow data. Peak flows for selected recurrence intervals were determined from the fitted curve.
There are several streamgages on regulated streams in Maine where substantial regulation was added (sometimes in addition to substantial regulation already in place) during the period for which annual peak flows are available. The older, less regulated annual peak flows were not used in the analyses based on the Bulletin 17B guidelines if regulation in the drainage basin, at the time of the older peaks, differed by more than approximately 4.5 million cubic feet of usable storage per square mile (Benson, 1962) from the regulation at the time of newer peaks. For example, the creation of Aziscohos Lake in 1911 resulted in a major change in reservoir storage, affecting the Androscoggin River; therefore, recorded peak flows prior to 1912 were not used. In addition, older peaks in Maine were not used if the annual peak-flow data at a streamgage clearly indicated that the regulation of peak flows had changed substantially over time.
Bulletin 17B guidelines were followed for the treatment of high and low outliers, for the conditional probability adjustment, and for weighting the streamgage skew coefficient with a generalized skew coefficient. In some cases, multiple low outliers that were near, but not below, the Bulletin 17B low outlier threshold were censored (dropped from the data set) if doing so improved the fit between the logs of the observed annual peaks and the Pearson Type III distribution. All high outliers were retained in the analyses. Historical information (information on peak flows outside the period of systematic data collection) was not used for this study. The historical information would not have been known for some of the sub-periods of continuous records that were used in this study, and for consistency historical information was not used for any of the full periods or sub-periods. The streamgage skews for the flood-frequency analyses were not weighted with the generalized skew if the annual peak flows at a streamgage were substantially affected by regulation. A streamgage was considered substantially regulated if its drainage basin had more than 4.5 million cubic feet of usable storage per mile (Benson, 1962) . The generalized skew coefficient developed for Maine by Hodgkins (1999) was used for the current study. This skew coefficient is 0.029, with a mean square error of prediction of 0.088 (or a standard error of prediction of 0.297). This generalized skew was the most accurate of four tested methods of estimating the generalized skew coefficient. Average streamgage skews for the current study from all available streamgages without substantial regulation from older sub-periods (1937-66 and 1947-76) did not differ substantially from average streamgage skews from more recent sub-periods (1967-96 and 1977-2006) ; average streamgage skews were -0.01, 0.03, -0.05, and -0.04, respectively. The annual peak flows at the streamgages in this study did not show obvious evidence that they were caused by multiple generating mechanisms. The procedures used to handle such a situation, therefore, were not used. Expected probability adjustments, which are explained in Bulletin 17B, were not made.
Peak flows for 5-and 100-year recurrence intervals at individual streamgages, computed as described above, were not combined with peak flows from regional regression equations for an individual streamgage. Peak flows for selected recurrence intervals at individual unregulated streamgages typically are combined with regional regressionequation peak flows to improve the peak-flow computations. For this report, however, the main interest is in the relative differences in peak flows for selected recurrence intervals that were computed using different periods of historical peak flows.
Historical Changes in Annual Peak Flows
Changes over time in annual instantaneous peak streamflows at 28 USGS streamgages with long-term data (50 or more years) and relatively complete records (no more than 5 years of missing data from 1957 through 2006) were investigated in two different ways. Linear trends for the period of record at each streamgage were computed using the Sen slope (see "Data and Methods for Trend Tests and Flood-frequency Analyses" section for more details). Because changes over time may have occurred as a step change around 1970 (see "Historical Streamflow Changes in Maine" section), step changes between each streamgage's older record (from starting year to 1970) and newer record (1971 to 2006) were computed using the Hodges-Lehmann estimator. Examples of annual peak flows and Sen slopes are shown in figure 1 for two streamgages that had typical changes over time, St. John River (streamgage 6) and Little Androscoggin River (streamgage 24).
The Sen slopes for the 28 streamgages varied considerably, but 22 of the streamgages have positive slopes, indicating increasing annual peak flows over time (table 2, fig. 2 ). There is no obvious geographic pattern to the slopes ( fig. 2) . At many streamgages, increases are greater than 10 percent, and at seven streamgages, increases are greater than 25 percent. In contrast, at one streamgage peak flows decreased more than 10 percent. Results for streamgages with substantial streamflow regulation (table 2) do not show a markedly different pattern ( fig. 2 ) than those for the unregulated streamgages.
Step changes for the 28 streamgages also varied considerably, but at 23 streamgages, peak flows increased after 1970 (table 3, fig. 3 ). Twenty-two of these 23 streamgages have positive linear slopes, as computed by use of the Sen slope. As with the linear trends, no geographic patterns for the step changes were obvious, and many increased annual peak flows of greater than 10 percent were noted when older data (1970 and earlier) were compared to newer data (1971 to 2006) . At three streamgages, increases were greater than 25 percent, and at one streamgage, peak flows decreased more than 10 percent. Regulated streamgages (table 3) The median change over time for all 28 streamgages is an increase of 15.9 percent based on a linear change and 12.4 percent based on a step change. The median change for the 20 unregulated streamgages is slightly higher than for all 28 streamgages; it is 18.4 percent based on a linear change and 15.0 percent based on a step change. The median record length is 77.0 years for all 28 streamgages and 75.5 years for the unregulated streamgages.
Flood-Frequency Analyses for Full Periods of Record and Selected Sub-Periods
Peak flows with 100-and 5-year recurrence intervals were computed for all 28 streamgages using the full available annual peak-flow record (table 1) and multiple sub-periods of that record (tables 4-7). Magnitudes of 100-and 5-year peak flows computed from sub-periods were then compared to those from the full period and to the 90-percent confidence intervals of the peak flows computed from the full period (tables 4-7). Thirty-year sub-periods with starting years staggered by 10 years were used (1907-36, 1917-46, 1927-56, 1937-66, 1947-76, 1957-86, 1967-96, and 1977-2006) . The number of sub-periods used depended on the length of record at each streamgage. Because a change in peak flows over time may have occurred as a step change around 1970 (see "Historical Streamflow Changes in Maine" section), two other sub-periods were analyzed: older data (start-of-record to 1970) and newer data (1971 to 2006). All results related to 100-and 5-year peak flows are summarized in tables 8, 9, and 10. A Unregulated unless noted (streamgage has drainage basin with less than 4.5 million cubic feet of usable storage per mile (Benson, 1962) ). A tl a n ti c O c e a n A t l a n t i c O c e a n A Unregulated unless noted (streamgage has drainage basin with less than 4.5 million cubic feet of usable storage per mile (Benson, 1962) ). B Unregulated unless noted (streamgage has drainage basin with less than 4.5 million cubic feet of usable storage per mile (Benson, 1962) ). Peak flows for selected recurrence intervals are subject to uncertainty because the annual peak flows used in the computations are only a sample of a larger population (Interagency Advisory Committee on Water Data, 1982) . Confidence intervals are a measure of the uncertainty of these computations. With a 90-percent confidence interval, one is 90-percent confident that the true peak flow is between the lower and upper 90-percent confidence limits. The 100-year confidence intervals are larger than the 5-year confidence intervals because more uncertainty is associated with them.
A t l a n t i c O c e a n
The 1967 to 1996 sub-period yielded the highest 100-and 5-year peak flows overall when compared with peak flows based on the full period of record (table 8, figs. 4 and 5). The Table 9 . Number of streamgages with 100-year peak flows based on sub-periods that are outside of 90-percent confidence intervals of 100-year peak flows based on full periods of record. median difference for all 28 streamgages is 8 percent for both 100-and 5-year peak flows. The 1977 The -2006 The and 1971 The -2006 sub-periods overall yielded higher flows but not as high as the 1967-96 sub-period; the median differences for all streamgages for both periods (1977-2006 and 1971-2006) are 4 percent for 100-year peak flows and 6 percent for 5-year peak flows. The 1937-66 sub-period had the lowest 100-and 5-year peak flows overall. The median differences are -11 percent for 100-year peak flows and -8 percent for 5-year peak flows. Differences between the sub-periods and the full periods based on the 20 unregulated streamgages are similar to differences based on all 28 streamgages (table 8) . Magnitudes of peak-flow differences (between peak flows based on the 1 9 3 7 -1 9 6 6 1 9 4 7 -1 9 7 6 1 9 5 7 -1 9 8 6 1 9 6 7 -1 9 9 6 1 9 7 7 -2 0 0 6 S t a r t -1 9 7 0 1 9 7 1 -2 0 0 6 1 9 3 7 -1 9 6 6 1 9 4 7 -1 9 7 6 1 9 5 7 -1 9 8 6 1 9 6 7 -1 9 9 6 1 9 7 7 -2 0 0 6 S t a r t -1 9 7 0 1 9 7 1 -2 0 0 6 sub-periods and those based on the full periods) vary more among streamgages for 100-year peak flows than for 5-year peak flows (figs. 4 and 5). The boxplots in figures 4 and 5 show the 10th, 25th, 50th (median), 75th, and 90th percentiles of differences for all available rivers, for each sub-period. The 1967-1996 sub-period produced the most streamgages (10 of 28) with 100-year peak flows higher than the 90-percent confidence intervals of the peak flows computed from full periods of record (table 9). The 1967-96 sub-period also produced the most streamgages (15 of 28) with 5-year peak flows higher than the full-period 90-percent confidence intervals (table 10). The 1937-66 sub-period yielded the most streamgages (8 of 18) with 100-year peak flows lower than the 90-percent confidence intervals of the full-period peak flows. The 1937-66 sub-period also yielded the most streamgages (13 of 18) with 5-year peak flows less than the 90-percent confidence intervals. More streamgages had 5-year peak flows outside the confidence intervals for these two sub-periods (1967-96 and 1937-66 ) than had 100-year peak flows outside the confidence intervals. This is likely due to the lower uncertainty for the 5-year peak flows than for the 100-year peak flows (table 1). The 1971-2006 sub-period also produced more streamgages (7 of 19) with 5-year peak flows greater than the full-record confidence intervals than streamgages with 100-year peak flows greater than full-record confidence intervals (2 of 19) (tables 9 and 10). The older sub-period (start-of-record to 1970) produced more streamgages (8 of 19) with 5-year peak flows less than the confidence intervals than with 100-year peak flows (4 of 19) less than the confidence intervals. Overall, for the various time periods considered, the relative number of total (regulated and unregulated) streamgages with peak flows outside the confidence intervals is consistent with the relative number of unregulated streamgages with peak flows outside the confidence intervals (tables 9 and 10).
Sub

Detailed Results for 100-Year Peak Flows
For 6 of 28 streamgages, the 100-year peak flows based on the 1977-2006 sub-period were greater than the 90-percent confidence intervals based on full periods, and for 2 streamgages, the peak flows were less than the confidence intervals (table 4). The two streamgages with peak flows less than the confidence intervals had high-outlier peak flows early in their records. One of six streamgages with peaks greater than the confidence intervals had a high-outlier peak flow during the 1977-2006 sub-period. High-outlier peak flows for the full period of record, identified as outliers by use of the guidelines (Bulletin 17B) of the Interagency Advisory Committee on Water Data (1982), were present for five of the streamgages. The high-outlier peaks are approximately three standard deviations (depending on the length of record) above the mean of all the annual peaks. Peak flows with 100-year recurrence intervals based on the 1977-2006 sub-period ranged from 13 percent lower to 25 percent higher than flows based on full records at the 20 unregulated streamgages.
For 10 of 28 streamgages, 100-year peak flows based on the 1967-96 sub-period were greater than the 90-percent confidence intervals based on full periods of record, and for 3 streamgages, flows were less than the confidence intervals (table 4). The streamgages with peak flows greater than the confidence intervals are spread throughout the State (fig. 6) ; all three streamgages (streamgages 18, 20, and 25) with peak flows lower than the confidence intervals drain the upper Androscoggin River Basin. Two of the three streamgages with peak flows less than the confidence intervals had highoutlier peak flows outside of the 1967-96 sub-period. One of 10 streamgages with peaks greater than the confidence interval had a high-outlier peak within the sub-period. Peak flows based on the sub-period 1967-96 ranged from 17 percent lower to 26 percent higher than flows based on full records at the 20 unregulated streamgages.
For 6 of 28 streamgages, the 100-year peak flows based on the 1957-1986 sub-period were greater than the 90-percent confidence intervals based on full periods of record, and for 6 streamgages, flows were less than the confidence intervals (table 4). For two streamgages (of 22 total), the 100-year peak flows based on the 1947-1976 sub-period were greater than the confidence intervals, and for six streamgages, flows were less than the confidence intervals.
For 8 of 18 streamgages, the 100-year peak flows based on the 1937-66 sub-period were less than the full-period 90-percent confidence intervals (table 4); no streamgages had flows greater than the confidence intervals. The eight streamgages with peak flows less than the confidence intervals are spread throughout the State (fig. 7) . Three of the eight streamgages had high-outlier peak flows outside of the 1937-66 sub-period. For the limited number of streamgages with records from the 1927-56, 1917-46, and 1907-36 sub-periods, peak flows were both greater and less than the 90-percent confidence intervals based on full periods (table 4) .
For 2 of 19 streamgages, 100-year peak flows based on the 1971-2006 sub-period were greater than the full-period 90-percent confidence intervals, and for 3 streamgages, flows were less than the confidence intervals (table 5, fig. 8 ). One of the two streamgages with peaks greater than the confidence interval had a high-outlier peak within the 1971-2006 sub-period. All three of the streamgages with peak flows less than the confidence intervals had high-outlier peak flows prior to the 1971-2006 sub-period. Peak flows based on the sub-period ranged from 12 percent lower to 15 percent higher than flows based on the full period at the 13 unregulated streamgages. For four streamgages, the 100-year peak flows based on flows from start-of-record to 1970 were less than the full-period 90-percent confidence intervals, and for one streamgage, flows were greater than the confidence interval (table 5, fig. 9 ). This latter streamgage had a high outlier in the sub-period start-of-record to 1970. 
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A t l a n t i c O c e a n Figure 6 . Geographic distribution of 100-year peak flows based on the 1967 to 1996 sub-period that are outside the 90-percent confidence intervals of 100-year peak flows based on full periods. 
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Detailed Results for 5-Year Peak Flows
For 9 of 28 streamgages, 5-year peak flows based on the 1977-2006 sub-period were greater than the 90-percent confidence intervals based on full periods, and no streamgages had flows less than the confidence intervals (table 6). Two of the nine streamgages with peaks greater than the confidence interval had a high-outlier peak within the 1977-2006 sub-period. Peak flows with 5-year recurrence intervals based on the 1977-2006 sub-period ranged from 7 percent less to 15 percent greater than flows based on full records at the 20 unregulated streamgages.
For 15 of 28 streamgages, 5-year peak flows based on the 1967-96 sub-period were greater than the 90-percent confidence intervals based on full periods of record, and for 3 streamgages, flows were less than the confidence intervals (table 6). The streamgages with peak flows greater than the confidence intervals are spread throughout the State (fig. 10 ); all three streamgages with peak flows less than the confidence intervals (streamgages 18, 19, and 20) drain the upper Androscoggin River Basin. One of the three streamgages had a high-outlier peak flow outside of the 1967-96 sub-period. One of 15 streamgages with peaks greater than the confidence interval had a high-outlier peak within the sub-period. One streamgage had a high outlier outside the 1967-96 sub-period but still had a 5-year peak flow greater than the full-period 90-percent confidence interval. Peak flows based on the 1967-1996 sub-period ranged from 6 percent lower to 20 percent higher than flows based on full records at the 20 unregulated streamgages.
For 6 of 28 streamgages, 5-year peak flows based on the 1957-1986 sub-period were greater than the 90-percent confidence intervals based on full periods of record, and for 4 streamgages, flows were less than the confidence intervals (table 6). For two streamgages (of 22 total), peak flows based on the 1947-1976 sub-period were greater than the confidence intervals, and for six streamgages, flows were less than the confidence intervals.
For 13 streamgages (of 18 total), 5-year peak flows based on the 1937-66 sub-period were less than the full-record 90-percent confidence intervals (table 6); no streamgages had flows greater than the confidence intervals. The 13 streamgages with peak flows less than the confidence intervals are spread throughout the State (fig. 11) . Three of the 13 streamgages had high-outlier peak flows outside of the 1937-1966 sub-period. For the limited number of streamgages with records from the 1927-56, 1917-46, and 1907-36 sub-periods, peak flows were both higher and lower than the 90-percent confidence intervals based on full periods of record (table 6) .
For 7 of 19 streamgages, 5-year peak flows based on the 1971-2006 sub-period were greater than the 90-percent full-period confidence intervals, and no streamgages had flows less than the confidence intervals (table 7, fig. 12 ). One of the seven streamgages with peaks greater than the confidence intervals had a high-outlier peak within the 1971-2006 sub-period. Peak flows based on the sub-period ranged from 0.2 percent lower to 15 percent higher than flows based on the full period at the 13 unregulated streamgages. Peak flows for this time period had a consistent signal of higher 5-year peak flows compared to full-period peak flows though not as strong a signal as peak flows based on 1967-1996 flows. For eight streamgages, 5-year peak flows based on flows from the startof-record to 1970 were less than the 90-percent full-period confidence intervals, and no streamgages had flows greater than the confidence intervals (table 7, fig. 13 ). One of the eight streamgages with peaks less than the confidence interval had a high-outlier peak outside of this sub-period.
Implications for FloodFrequency Analyses
The increases in 5-year peak flows based on data from recent decades are consistent with the observed increasing annual peak flows in Maine. The increases in 100-year peak flows based on data from recent decades are generally consistent with observed increasing annual peak flows. In limited cases, 100-year peak flows based on data from recent decades have decreased substantially. Many of these streamgages have high outlier peak flows early in their records; the outliers affected 100-year peak flows more than they affected long-term changes in annual peak flows. Collins (2009) also found flood-frequency computations to be sensitive to the very high peak flows at some streamgages in New England, as did Lumia and others (2006, fig. 8 ) in New York.
Annual peak flows have, in general, increased in recent years in Maine as have peak flows with 5-and 100-year recurrence intervals that are based on recent records. Increases in the 5-and 100-year peak flows are, in general, modest when compared to those based on complete periods of record. The highest peak flows are based on the 1967-1996 sub-period rather than the most recent time period. Because large floods in Maine typically result from a combination of snowmelt and rainfall, and in the future may be affected by global warming and by climatic variability (related to sea surface temperature variability or large scale atmospheric patterns), future patterns of change are likely to be complex over both space and time. Peak flows of selected recurrence intervals are sensitive to very high peak flows that may occur once in a century or even less frequently. Therefore, it is difficult to determine whether peak flows for selected recurrence intervals based on recent years of record are more accurate than peak flows of selected recurrence intervals based on the entire historical period (the traditional method). Although peak flows in Maine have, in general, increased during the last 50-100 years, it is difficult to determine whether peak flows are stationary because multi-decadal changes can turn out to be oscillations in longer streamflow records (Koutsoyiannis, 2006; Hamed, 2008) . Because peak flows of selected recurrence intervals 
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A t l a n t i c O c e a n Figure 13 . Geographic distribution of 5-year peak flows based on the start-of-record to 1970 sub-period that are outside the 90-percent confidence intervals of 5-year peak flows based on full periods. 
A t l a n t i c O c e a n in Maine may or may not be stationary, one possible conservative approach to computing peak flows of selected recurrence intervals would be to compute these peak flows from both recent annual peak flows and from the entire period of peak flows and then choose the higher computed value (Collins, 2009) .
Whether recent or entire periods of record are used to compute peak flows of selected recurrence intervals, the results of this study highlight the importance of using recent data in the computation of the peak flows. The use of only older records could result in the underestimation of peak flows, particularly for peak flows with shorter recurrence intervals such as the 5-year peak flow.
Summary and Conclusions
For flood-frequency analyses, statistical methods are used to compute peak streamflows for selected recurrence intervals-the average number of years between peak flows that are equal to or greater than a specified peak flow. It is necessary to determine the magnitude of peak streamflows with specified recurrence intervals to safely and economically design bridges, culverts, and other structures that are in, or near, streams. It has long been assumed that the annual peak streamflows used in these computations were stationary over very long periods of time, except in river basins subject to urbanization, regulation, and other direct human activities. Stationarity is the concept that natural systems fluctuate within an envelope of variability that does not change over time. Because of the potential effects of global warming on peak flows, the assumption of peak-flow stationarity has recently been questioned. This study was conducted by the U.S. Geological Survey (USGS), in cooperation with the Maine Department of Transportation (MaineDOT). It will help MaineDOT and others better understand the effects of changing historical peak flows on flood-frequency analyses for streams in Maine. Maine has many streamgages with 50-105 years of recorded annual peak streamflows. In this study, this long-term record has been tested for historical flood-frequency stationarity, to provide some insight into future flood frequency.
Changes over time in annual instantaneous peak streamflows at 28 USGS streamgages with long-term data (50 or more years) and relatively complete records (no more than 5 years of missing data from 1957 through 2006) were investigated in two different ways. Linear trends for the period of record for each streamgage were computed with the Sen slope. Because previous studies have suggested that changes over time may have occurred as a step change around 1970, the step change between each streamgage's older record (startyear to 1970) and newer record (1971 to 2006) was computed using the Hodges-Lehmann estimator.
The median change in peak flows over time for all 28 streamgages (including 8 streamgages with substantial streamflow regulation) was an increase of 15.9 percent based on a linear change and an increase of 12.4 percent based on a step change. The median change for the 20 unregulated streamgages is slightly higher than for all 28 streamgages; it is 18.4 percent based on a linear change and 15.0 percent based on a step change. There were many linear increases of greater than 10 percent, and peak flows at seven streamgages increased by more than 25 percent. In contrast, peak flows at one streamgage decreased by more than 10 percent. Many step changes of greater than 10 percent were noted when comparing older data (1970 and earlier) to newer data (1971 to 2006) . Peak flows at three streamgages had step increases of greater than 25 percent, and one streamgage had a decrease of more than 10 percent.
Peak flows for 100-and 5-year recurrence intervals were computed for the 28 streamgages using the entire available annual peak-flow record and multiple sub-periods of that record, using the guidelines (Bulletin 17B) of the Interagency Advisory Committee on Water Data. Magnitudes of 100-and 5-year peak flows computed from the sub-periods were then compared to those for the full period and to the 90-percent confidence intervals of the peak flows computed from the full period. Sub-periods consisting of 30 years were staggered by 10 years (1907-36, 1917-46, 1927-56, 1937-66, 1947-76, 1957-86, 1967-96, and 1977-2006) . Because changes over time in peak flows may have occurred as a step change around 1970, two other sub-periods were analyzed: older data (startof-record to 1970) and newer data (1971 to 2006). The 5-year peak flow is used to represent small and relatively frequent flood flows in Maine, whereas the 100-year peak flow is used to represent large flood flows.
The 1967-1996 sub-period had the highest 100-and 5-year peak flows overall when compared to 100-and 5-year peak flows based on the full period of record; the median difference for all 28 streamgages is 8 percent for both the 100-and 5-year peak flows. Peak flows with 100-year recurrence intervals based on the sub-period are from 17 percent lower to 26 percent higher than 100-year peak flows based on full records at the 20 unregulated streamgages, and peak flows with 5-year recurrence intervals are from 6 percent lower to 20 percent higher than 5-year peak flows based on full records. The 1977 The -2006 The and 1971 The -2006 sub-periods also showed overall higher peak flows than the full-period peak flows, but these sub-period peak flows are not as high as those based on the 1967-1996 sub-period; the median difference for all streamgages for both sub-periods (1977-2006 and 1971-2006) is 4 percent for 100-year peak flows and 6 percent for 5-year peak flows. The 1937 The -1966 sub-period showed the lowest 100-and 5-year peak flows overall. The median differences from full-period peak flows are -11 percent for 100-year peak flows and -8 percent for 5-year peak flows. Overall, differences between the sub-periods and the full periods for the 20 unregulated streamgages are similar to differences for all 28 streamgages.
The 1967-96 sub-period had the most streamgages (10 of 28) with 100-year peak flows higher than the 90-percent confidence intervals of the peak flows computed from full periods of record. This sub-period also produced the most streamgages (15 of 28) with 5-year peak flows higher than the full-period 90-percent confidence intervals. The 1937-66 sub-period had the most streamgages (8 of 18) with 100-year peak flows lower than the 90-percent confidence intervals of the full-period peak flows. This sub-period also had the most streamgages (13 of 28) with 5-year peak flows less than the 90-percent confidence intervals. The streamgages with peak flows outside the confidence intervals are spread throughout the State. More streamgages have 5-year peak flows outside the confidence intervals for the 1967-96 and 1937-66 sub-periods than have 100-year peak flows outside the confidence intervals; however, the magnitude of percentage differences between the sub-periods and the full periods are similar for the 5-and 100-year peak flows. This discrepancy is likely due to the lower uncertainty of the 5-year peak flows (narrower 90-percent confidence intervals) compared to the 100-year peak flows.
The increases in 5-year peak flows based on data from recent decades are consistent with the observed increasing annual peak flows in Maine. The increases in 100-year peak flows based on data from recent decades are generally consistent with observed increasing annual peak flows. In limited cases, 100-year peak flows based on data from recent decades have decreased substantially. Many of these streamgages have high outlier peak flows early in their records; the outliers affected 100-year peak flows more than they affected long-term changes in annual peak flows.
Although peak flows in Maine have, in general, increased during the last 50-100 years, it is difficult to determine whether peak flows are stationary because multi-decadal changes can turn out to be oscillations in longer streamflow records. Increases in the 5-and 100-year peak flows based on data from recent decades are, in general, modest when compared to peak flows based on complete periods of record. The highest peak flows are based on the 1967-96 sub-period rather than the most recent sub-period . Peak flows of selected recurrence intervals are sensitive to very high peak flows that may occur once in a century or even less frequently.
Because large floods in Maine typically result from a combination of snowmelt and rainfall, and in the future may be affected by global warming and by climatic variability (related to sea surface temperature variability or large scale atmospheric patterns), future patterns of change are likely to be complex over both space and time. Because peak flows of selected recurrence intervals in Maine may or may not be stationary, it is difficult to determine whether peak flows for selected recurrence intervals based on recent years of record are more accurate than peak flows of selected recurrence intervals based on the entire historical period (the traditional method). One possible conservative approach to computing peak flows of selected recurrence intervals would be to compute these peak flows from both recent annual peak flows and from the entire period of peak flows and then choose the higher computed value.
